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Abstract 9 
When focusing on mooring system numerical modelling, the efforts are focused on validating models that increase the accuracy and 10 
maintain the computation time under reasonable limits. In this paper an approach for modelling the interaction among supporting 11 
structure and mooring system is introduced through kinematic relations. The proposed approach has been validated with the 12 
experimental wave tank 1:13.6 scaled data of the HarshLab 2.0 platform, a CALM type buoy moored with a three-line catenary 13 
system and used as a floating laboratory for materials and corrosion testing, to be installed at BiMEP. The drag forces of the buoy 14 
as well as the Morison coefficients of the heave-pitch coupling, induced by the attached structure for ships bow landing, have been 15 
identified. Results of the mooring line tensions are validated with imposed displacements of the structure and, subsequently, with 16 
coupled simulations of the moored buoy in a set of realistic sea states. Sources of differences on the estimation of line tensions are 17 
found to be mainly due to uncertainties of seabed friction forces, a high sensitivity of line tensions to small swaying and a poor 18 
pitching performance of the numerical model, very likely due to a very non-linear pitching of the physical model. 19 
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1  Introduction 22 
Catenary mooring systems are strongly nonlinear and can be simulated with nonlinear time domain numerical models, accounting 23 
for non-linearities, e.g. nonlinear geometric stiffness and the drag term. The dynamic nonlinear time domain lumped mass method 24 
for mooring system modelling consists in modelling mooring lines as mass points connected to adjacent points by spring and 25 
dampers, which represent internal structural characteristics of the line material. 26 
 
This method is widely used in the offshore industry since initially introduced by Van den Boom [1]. It has been applied within the 27 
offshore renewable energy sector by [2] as well as the non-linear finite element method (FEM) by [3]among others. Both show 28 
accurate line tension results with imposed motions and regular waves and highlight the poor tension estimation of the quasi static 29 
(QS) time domain approach. In [2] it is also stated that structure hydrodynamics seem to introduce larger uncertainty than the lumped 30 
mass mooring model, however structure motions are not significantly sensitive to using either the QS or the coupled lumped mass 31 
models. Reference [4] used a non-linear FEM coupled with linear potential coefficients in a commercial code and points at 32 
significant improvements of line tension estimates using full QTFs instead of the Newman approximation. It has also been verified 33 
in [5]that full QTF provides better results in terms of mooring line tensions, especially in shallow waters. Linear potential methods 34 
are widely accepted in offshore renewable engineering practice, as shown in [2], [4] or [6]  for numerical modelling of wave structure 35 
interactions. Obtained hydrodynamic coefficients are commonly complemented with a non-linear viscous drag term within certain 36 
limits of the Keulegan Carpenter (KC) number. References [4] and [6]  applied different numerical fitting methods to compute the 37 
additional damping, both used data obtained from the decay tests of their corresponding physical models. Yet, [6] points at some 38 
uncertainty in the pitching excitation force estimates as well as the influence of the fitted drag force on the coupled results.  39 
The coupling scheme in [2] and [7] is carried out  through parallel numerical models,  sharing forces and motions between the 40 
structure and the mooring models, and the same scheme is adopted by the commercial code DNVGL-Sesam [8] [9]. Other codes, 41 
such as Orcaflex [10], include stiffness and damping terms directly between the corresponding degrees of freedom to model line 42 
connections to the seabed and the floating structure. This scheme has also been presented in [11] which allows both mechanical 43 
systems to be solved fully coupled. 44 
In the present paper linear hydrodynamics, complemented with fitted viscous force in all degrees of freedom and Morison force for 45 
heave and pitch coupling effects, of the floating structure and second order wave drift forces based on Newman approximation have 46 
been coupled with a lumped mass model for the mooring system. The lumped mass model considers the inertia and hydrodynamic 47 
Morison forces on mooring lines as well as seabed interaction and gravity forces. the mooring-structure coupling has been carried 48 
out in a systematic manner imposing kinematic relations on the fairleads, adding mass, damping and stiffness matrices, which 49 
enables the resolution of both numerical models integrated into a single one. The main advantage of the herein introduced model is 50 
that once the natural frequency and critical damping of the connections are set, the kinematic relations between the degrees of 51 
freedom to be connected can be defined in a simplified and a systematic manner and that the coupled system can be solved either in 52 
the time or frequency domain. 53 
Such a model has been validated with experimental wave tank testing of the HarshLab 2.0 platform and it is here presented. The 54 
HarshLab 2.0 platform is designed to be a floating laboratory off the Basque country coast, at bimep [12], to test in a real environment 55 
a variety of offshore materials [13]. The validation is based on decay tests of the floating structure without mooring lines for the 56 
degrees of freedom with hydrostatic stiffness (heave, pitch and roll) and with mooring lines for the degrees of freedom without it 57 
(surge, sway and yaw). Additionally, irregular waves are simulated in a first step with imposed motions to the floater in the numerical 58 
 
model and later with the hydrodynamics coupled to mooring dynamics with good agreement with the experiments. Main 59 
uncertainties have been found in the mooring lines with transverse motions and in the pitching motion, very likely due to a very 60 
non-linear performance. The latter has already been observed in [4] and [6] . Such floater and mooring coupled models can be 61 
relevant for small displacement structures such as floating wave energy or floating offshore wind since the coupling effect between 62 
both systems may be significant. 63 
2  Numerical model 64 
The hydrodynamic interaction of the herein developed numerical model is based on the linear potential hydrodynamics and 65 
Boundary Integral Element Method (BIEM), implemented in codes such as WAMIT [14], ANSYS-AQWA [15] or Nemoh [16]. 66 
The dynamic mooring system is based on a lumped mass method in which for each line the hydrodynamics, seabed interaction, 67 
gravity and inertia forces are computed. Lines are linked to the floating structure and to the anchor points through imposed kinematic 68 
relations by means of Lagrange multipliers making use of the penalty method, as described in [17]. All systems together can be 69 
reduced to a collection of mass, damping and stiffness matrices which, along with nonlinear forces, are integrated and updated in 70 
the time domain as described below. 71 
Drag forces in the degrees of freedom with hydrostatic stiffness have been identified with the hydrodynamic numerical model 72 
without mooring system while in the degrees of freedom without hydrostatics the same model coupled with the mooring system has 73 
been applied. The dynamic mooring model isolated from the structure has been validated imposing the motions obtained in the 74 
physical testing and being compared with the corresponding line tensions. Finally, the coupled numerical model has been simulated 75 
to be compared with both structure motions and lines tensions obtained in the tank tests.   76 
Floating structure hydrodynamics 77 
Floating structure is modelled through linear hydrodynamics as per equation (1). Its interaction with sea waves is summarized 78 
through the added mass (A), radiation damping (B), hydrostatic stiffness (H) and Forude Krilov and diffraction force (F fk). Its 79 
formulation in the time domain was introduced by W.E. Cummins [18] and described in [19]: 80 
(1) [𝑀 + 𝐴∞] · {?̈?(𝑡)} + {∫ 𝐵(𝑡 − 𝜏) · ?̇?(𝜏) · 𝑑𝜏
𝑡
−∞
} + [𝐻] · {𝛿(𝑡)} = {𝐹𝑓𝑘(𝑡)} + {𝐹
𝑠𝑣(𝑡)}  81 
Where square brackets [ ] indicate a matrix and curly brackets { } indicate a vector. Each variable is described below: 82 
- M: Mass matrix of the floater 83 
- 𝐴∞: Added mass at infinite frequency 84 
- 𝐵(𝑡 − 𝜏): Radiation impulse response function 85 
- 𝐻: Hydrostatic stiffness 86 
- 𝛿(𝑡) ;  ?̇?(𝑡) ;  ?̈?(𝑡) : Floater rigid body motions 87 
- 𝐹𝑓𝑘(𝑡): Froude Krilov and diffraction force 88 
 
- Fsv(t): Slowly varying second order drift force 89 
The convolution integral is solved in the time domain by means of direct integration at each time step. To do so, a variable time 90 
length has been selected for the radiation impulse response function (RIRF) of each degree of freedom. This length is based on the 91 
decay rate of the function maxima, considering an amplitude difference of less than 1% between two successive peaks. This approach 92 
has been proven to be coherent with other numerical models as verified in [20] and [21]. 93 
Slow drift excitation loads 94 
Slow drift excitation loads have been applied as derived in [19]. The general expression consists of a double summation of the 95 
second-order difference frequency loads: 96 
(2) 𝐹𝑖
𝑆𝑉(𝑡) = ∑ ∑ 𝐴𝑗 · 𝐴𝑘 · [𝑇𝑗𝑘
𝑖𝑐 · 𝑐𝑜𝑠{(𝜔𝑘 − 𝜔𝑗) · 𝑡 + (𝜑𝑘 − 𝜑𝑗)} + 𝑇𝑗𝑘




𝑗=1  97 
Where: 98 
- N: total number of frequencies 99 
- A: Wave amplitude of the frequency component 100 
- T: Quadratic transfer function 101 
- 𝜔: Frequency 102 
- 𝜑: Phase 103 
The main diagonal of [𝑇] has been computed with mentioned linear hydrodynamics codes while off diagonal values have been 104 
obtained through the Newman’s approximation [19]. 105 
Mooring lumped mass model  106 
Lines are modelled as lumped masses, representing adjacent half sections’ mass, connected by massless springs and dampers. The 107 
reference coordinate system for all bodies to be integrated in time is the global origin (0,0,0), which applies both for the structure 108 
and the mooring point masses. Each point mass is made up of 3 degrees of freedom (dof), translational in each of the global directions 109 
‘x’, ‘y’ and ‘z’. The mechanical system defined by each mooring line can be summarized as in equation (3): 110 
(3) [𝑀] · {?̈?(𝑡)} = {𝐹(𝑡)} = {𝐹𝑛(𝑡) + 𝐹𝑧(𝑡) + 𝐹𝑓(𝑡) + 𝐹𝑔 + 𝐹𝑏 + 𝐹ℎ𝑦𝑑(𝑡)} 111 
Where: 112 
- 𝐹𝑛(t): Structural stiffness and damping force 113 
- 𝐹𝑧(t): Seabed vertical reaction force 114 
- 𝐹𝑓(t): Seabed horizontal friction force 115 
- 𝐹𝑔: Gravity force 116 
- 𝐹𝑏: Buoyancy force 117 
 
- 𝐹ℎ𝑦𝑑(t): Hydrodynamic Morison force 118 
The massless springs and dampers, connecting point masses, represent axial structural properties of lines. Stiffness and damping 119 
forces on each node are represented by forces of the adjacent sections as: 120 


















































- sub-index: node ‘n’ in which force ‘F’ is applied 127 
- upper-index: node to which the force ‘F’ connects sub-index node 128 
- 𝐶: Damping matrix 129 
- 𝑅: Rotation matrix from local to global coordinates 130 
- 𝐸: Young elasticity modulus of line material 131 
- 𝐴: Cross sectional area of the line 132 
- 𝛽: Rayleigh coefficient for structural damping estimation 133 
- 𝐿: Deformed section length 134 
- 𝐿0: Undeformed section length 135 
- 𝐼3: Identity matrix of dimension 3 136 
Stiffness and damping matrices account for axial forces and therefore a coordinate system rotation is to be done. To avoid angle 137 
determination with sine and cosine computations use of quaternions has been made both for structural damping and Morison forces, 138 
as explained in [22] where the quaternion is defined as: 139 
















- 𝜑: Angle of rotation between initial and final position 142 
- 𝑎: Vector defining the rotation axis 143 
 
The vector defining the rotation between local and global vectors is a perpendicular vector to the plane defined by the local (𝑥1𝐿) 144 
and global (𝑥𝑛+1 − 𝑥𝑛) vectors. The local coordinate system is supposed to be located with the x coordinate aligned with the axis 145 
connecting both nodes and positive from the seabed to the structure. 146 
Internal forces are computed for every section of all lines as showed in equation (4) to (7). Having defined lines through their three 147 
translational dofs the mass matrix is diagonal, whose values account for adjacent half-length masses. The boundary conditions of 148 
the mooring lines are defined by the kinematic relations, as represented in equations (13) to (19). 149 
Through the axial properties of the material, lines geometry and the rotation matrix, the modeled system can be summarized as in 150 
Figure 1: 151 
 152 
Figure 1 Numerical model forces representation on line nodes 153 
Vertical seabed forces are computed as vertical stiffness and damping forces on the nodes at the seabed. Depending on seabed 154 
stiffness, nodes static position will be found deeper in the seabed. 155 
Vertical force is defined as a 1 dof system in which the critical damping and natural frequency are settings of the numerical model: 156 
(9) 𝐹𝑧(𝑡) = 𝑚𝑛 · (?̈?𝑧(𝑡) + 2𝜉𝑣𝜔𝑣?̇?𝑧(𝑡) + 𝜔𝑣
2𝛿𝑧(𝑡)) 157 
Where: 158 
- 𝜔𝑣: Vertical natural frequency of seabed nodes 159 
- 𝜉𝑣: vertical critical damping of seabed nodes 160 
- δz: Vertical motion of each node on the seabed 161 
- mn: Nodal mass of the ‘n
th’ node 162 
Seabed friction model is implemented through a comparison of total force on the nth node and the corresponding friction force. The 163 
force is applied through a damping coefficient, linear  up to the total friction force, and kept constant for large velocities, as 164 
represented in Figure 2. 165 
 
 166 
Figure 2 Friction force model 167 
Mooring line external forces 168 
External forces applied on mooring line sections are gravity, buoyancy and hydrodynamic loads. Gravity force is a constant vertical 169 








Buoyancy force is considered as opposed to the gravity force due to the weight of the water volume displaced (𝑉) by the associated 172 





𝑉 · 𝜌𝑤 · 𝑔
} 174 
Hydrodynamic forces on line sections have been accounted for through the Morison equation [19], derived for slender bodies 175 
submerged in water: 176 
(12) 𝐹ℎ𝑦𝑑(𝑡) = (1 + 𝐶𝑎) · 𝜌𝑤 · 𝑉 · ?̇?(𝑡) − 𝐶𝑎 · 𝜌𝑤 · 𝑉 · ?̇?(𝑡) + 0.5 · 𝜌𝑤 · 𝐶𝑑 · 𝐷 · 𝐿𝑛 · |𝑢(𝑡) − 𝑣(𝑡)| · (𝑢(𝑡) − 𝑣(𝑡)) 177 
Where:  178 
- ?̇?(t) 𝑎𝑛𝑑 𝑢(t): Local acceleration and velocity of fluid particles at each line node 179 
- ?̇?(t) 𝑎𝑛𝑑 𝑣(t): Local acceleration and velocity of each line node 180 
- 𝐷: Diameter of the associated line length 181 
However, velocities used are those in the local coordinate system, radial and axial velocities to line sections. Therefore, node 182 
velocities are to be rotated so that the hydrodynamic force can be computed and rotated back into global coordinates. Consequently, 183 
the version for inclined cylinders is applied in the model, specified in [19] and [23]. 184 
Transfer functions are computed for each node so that water particle dynamics can be computed together with the linear 185 
hydrodynamic forces on the structure. 186 
 
The added mass term is computed as two independent forces, by means of an excitation force and a linear mass matrix as represented 187 
by the first two terms of the right-hand side of equation (12). However, the drag term is inherently nonlinear and is computed every 188 
time step for every section. 189 
Line attachments 190 
Fairleads and anchor points have been defined by means of multibody relations [17]. It is based on Lagrangian mechanics from 191 
which the newton second law can be derived.  192 
Within multibody analysis a widely extended approach is that of Lagrange multipliers. It consists in adding a force term to fulfil the 193 
imposed restrictions. Using the penalty method, one obtains the expression (13): 194 
(13) [𝑀] · {?̈?} + [𝛷𝑞
𝑇] · 𝛼𝑎𝑡𝑡 · ([?̈?(𝑡)] + 2𝜉𝑎𝑡𝑡𝜔𝑎𝑡𝑡[?̇?(𝑡)] + 𝜔𝑎𝑡𝑡
2[𝛷(𝑡)]) = {𝐹(𝑡)} 195 





















It consists in introducing a one degree of freedom mechanical system by kinematic condition with a large natural frequency and 198 
inertia. This method introduces forces large enough to maintain the given restrictions with low error rate [17].  199 
Looking at the restriction forces: 200 
- Φ(t) = 𝑓(𝛿(𝑡)): Vector of restrictions 201 
- Φ̇(t): Derivative with respect to time of the restrictions 202 
- Φ̈(t): Second derivative of restriction vector 203 
- 𝜔𝑎𝑡𝑡: Numerical natural frequency of the attachment force 204 
- 𝜉𝑎𝑡𝑡: Numerical critical damping of the attachment force 205 
- 𝛼𝑎𝑡𝑡: Penalizer to make kinematic relation be fulfilled 206 
To compute the restriction forces it is recommended that a very large penalizer is selected in order to obtain the lowest error. 207 
However, very large penalizers produce numerical ill-conditioning and it is generally suggested to use factors of 10^7 times the 208 
largest term of the mass matrix. Since the nodes of the discretized system tend to be of the order of some kilograms the penalizer 209 
has been set to 𝛼𝑎𝑡𝑡 = 10^7, the natural frequency to be out of the range of the waves excitation 𝜔𝑎𝑡𝑡 = 10 and to be critically 210 
damped, 𝜉𝑎𝑡𝑡 = 1. 211 




· ?̇?(𝑡) = 𝛷𝑞 · ?̇?(𝑡) 213 
 
(16) ?̈?(𝑡) = ?̇?𝑞 · ?̇?(𝑡) + 𝛷𝑞 · ?̈?(𝑡) 214 
And substituting it yields: 215 
(17) [𝑀 + 𝛼𝛷𝑞
𝑇𝛷𝑞] · {?̈?(𝑡)} = {𝐹(𝑡)} − {𝛼𝑎𝑡𝑡 · 𝛷𝑞
𝑇 · (?̇?𝑞 · ?̇?(𝑡) + 2𝜉𝑎𝑡𝑡𝜔𝑎𝑡𝑡𝛷𝑞 · ?̇?(𝑡) + 𝜔𝑎𝑡𝑡
2𝛷(𝑡))} 216 
Restrictions for these points are defined as following: 217 
- Fairlead (dynamics of the fairlead of the structure imposed to the mass point ‘n’): 218 
(18) 𝛷 = {
𝑥𝑒𝑠𝑡 + 𝑥𝑟𝑜𝑙𝑙 + 𝑥𝑦𝑎𝑤 + 𝛿𝑥−𝑓𝑎𝑖𝑟 − 𝑥𝑛
𝑦𝑒𝑠𝑡 + 𝑦𝑝𝑖𝑡𝑐ℎ + 𝑦𝑦𝑎𝑤 + 𝛿𝑦−𝑓𝑎𝑖𝑟 − 𝑦𝑛
𝑧𝑒𝑠𝑡 + 𝑧𝑟𝑜𝑙𝑙 + 𝑧𝑝𝑖𝑡𝑐ℎ + 𝛿𝑧−𝑓𝑎𝑖𝑟 − 𝑧𝑛
} 219 
- Anchor (the mass point ‘1’ of the line must be kept constant at its predefined point): 220 





Relations presented above have constant derivatives which make them linear and can, therefore, be reduced to a set of stiffness, 222 
mass and damping matrices representing the attachment forces plus a set of constant vectors arising from the constant distances 223 
𝛿𝑓𝑎𝑖𝑟  and 𝛿𝑎𝑛𝑐ℎ𝑜𝑟 . However, the spatial positions of the fairleads, which involve all terms of equation (18), are dependent on structure 224 
rotations and require updating at each time step of such matrices in order to fulfill the imposed restrictions. 225 
Coupled system to be solved 226 
The hydrodynamic and mooring coupled system to be solved can be summarized through a set of mass, damping and stiffness 227 
matrices together with a force vector as in equation (20): 228 
(20) [




















𝑠𝑣(𝑡) + 𝐹𝑑𝑟𝑎𝑔(𝑡) + 𝐹𝑏𝑙(𝑡) − 𝐹𝑐𝑜𝑛𝑣(𝑡) + 𝐹𝑓/𝑎(𝑡)
{𝐹𝑛(𝑡) + 𝐹𝑧(𝑡) + 𝐹𝑓(𝑡) + 𝐹𝑔 + 𝐹𝑏 + 𝐹ℎ𝑦𝑑(𝑡) + 𝐹𝑓/𝑎(𝑡)}
} 230 
In the equation (20) sub-indexes ‘str’, ‘f/a’, ‘bl’ and ‘moor’ denote structure, fairleads/anchors, bow landing and mooring 231 
respectively. In the structure force vector a non-linear viscous drag term has been added, modelled as the last term of the right-hand 232 
side of equation (12). Due to the differences in natural frequencies of the coupled system, equation (20) represents a stiff system 233 
and the implicit Newmark integration scheme has been chosen to carry out the integration [24], with a time step of 1e-3s. 234 
3  Physical Model description 235 
Floating Structure 236 
HarshLab 2.0 platform shape is being designed by the consortium made up for its commercial exploitation, as well as its mooring 237 
system and the experimental testing has been carried out at the CEHIPAR wave tank. The work here presented aims at characterizing 238 
 
its hydromechanics both with and without mooring system. The floater is made of a single floating structure, consisting of two 239 
vertical cylinders. The larger cylinder is partially submerged, and the freeboard is made up of the remaining part of the structure, as 240 
showed in Figure 3 and Figure 4: 241 
  242 
Figure 3 Harsh 2.0 platform shape (1:13.6 scale) and its main properties 243 
The model incorporates an attached structure to reproduce the bow landing, as shown in Figure 4, it has an impact on the hydrostatic 244 
stiffness and the added viscous damping in all degrees of freedom as summarized in Table 7 and Table 8 respectively. Due to its 245 
position it introduces a coupling effect between pitch-heave motions as well as in sway-yaw. The pitch-heave coupling effect, 246 
introduced in Figure 9, has been fitted with the obtained coefficients in forced oscillatory tests. However, the yaw-sway coupling 247 
effect has not been considered in the numerical model since all tests were performed in the direction defined in Figure 7 and none 248 
of them is to be significantly excited. 249 
    250 
Figure 4 Experimental physical moored model subject to the sea state 10 as defined in Table 6, side view, (left) and bow landing upper view (right)  251 
Water surface elevation has been measured with two wave sensors, denoted by SB and FO, placed as indicated in Figure 7. The 252 
actual water surface elevation on the buoy has been estimated from the SB sensor since it is closer to the structure. Derived phases 253 
of the spectra have been corrected to account for the corresponding distance to the structure, by means of the dispersion relation for 254 
deep waters [19]. Differences observed in the surface elevation, as shown in Figure 5, obtained with both corrected spectra are lower 255 
than 1% in standard deviation, it has been assumed to be low enough to consider a low influence of diffraction and radiation. 256 
Scale 1:1 1:13.6
Lower Diameter [m] 10.47 0.77
Lower Height [m] 3.54 0.26
Upper Diameter [m] 5.03 0.37
Upper Height [m] 4.76 0.35
Draft [m] 2.28 0.17
KG [m] 1.67 0.12
Water Depth [m] 68.00 5.00
Total mass [kg] 1.91E+05 76.02







Harsh 2.0 buoy shape
 
 257 
Figure 5 Estimated water surface elevation at the structure position from the sensors available FO and SB 258 
The measures of all variables were gathered in real time with a PC and a sampling frequency of 100Hz, except the pressure gauges 259 
that were sampled with 9600Hz. For the variables used in the work here introduced different kind of gauges were used as represented 260 
in Figure 6. 261 
- Wave elevation gauges: Two capacitive sensors placed with respect to the structure as shown in Figure 7 262 
- Motion sensors: An optical measurement system was used (KRYPTON) which collected the six degrees of freedom of 263 
the structure 264 
- Mooring line tension gauges: Load cells were used both in the fairleads and in the anchoring points of each line 265 
- Forces on the structure: The force on the structure due to its forced motion as well as the mooring force in the stiffness 266 
tests a dynamometer JP-MK2 was used 267 
       268 
Figure 6 Six degree of freedom dynamometer (left) and load cells for line tension measurement (centre) and a wave elevation gauge (right) 269 
Mooring System 270 
The mooring system is made up of three catenary chain lines with a non-dimensional pretension, as defined in [25], of 1.21[-] for 271 
the two front lines (lines 1 and 2) and 1.39[-] for the line at the back (line 3), as defined in Figure 7. 272 
 
 273 
Figure 7 Mooring system representation of the Harsh 2.0 floating platform, scale 1:13.6. Mooring lines top view, HarshLab2.0 structure, mooring line anchors and wave sensor positions (left) and a representation 274 
of all structural components with the global coordinate system (right) 275 
The mooring system properties of both the full scale and the scaled model are defined in Table 1 and Table 2: 276 
 277 
Table 1 Mooring system anchor and fairleads for both scales 278 
 279 
Table 2 Mooring line structural and hydrodynamic properties  280 
Mooring system hydrodynamic properties have been taken from the reference [3] since isolated lines where characterized in wave 281 
basin. The axial stiffness has been taken from [10] and the Rayleigh damping coefficient, proportional to the axial stiffness, has 282 
been assumed. 283 
Performed physical tests 284 






























Scale 1:1 1:13.6 Scale 1:1 1:13.6
xanchor L1 [m] 310.59 22.84 xfa i rlead L1 [m] 4.53 0.33
yanchor L1 [m] 179.32 13.19 yfa i rlead L1 [m] 2.62 0.19
zanchor L1 [m] -68.00 -5.00 zfa i rlead L1 [m] -2.45 -0.18
xanchor L2 [m] 310.59 22.84 xfa i rlead L2 [m] 4.53 0.33
yanchor L2 [m] -179.32 -13.19 yfa i rlead L2 [m] -2.62 -0.19
zanchor L2 [m] -68.00 -5.00 zfa i rlead L2 [m] -2.45 -0.18
xanchor L3 [m] -294.04 -21.62 xfa i rlead L3 [m] -5.24 -0.39
yanchor L3 [m] 0.00 0.00 yfa i rlead L3 [m] 0.00 0.00
zanchor L3 [m] -68.00 -5.00 zfa i rlead L3 [m] -2.45 -0.18
Mooring Lines' anchor coordinates Mooring Lines' fairlead coordinates
Variable Value (1:13.6)
L1 length [m] 27.79
L2 length [m] 27.79
L3 length [m] 22.65
Equiv. Young Modulus [Pa] 3.35E+10




Linear mass [kg/m] 0.5
Rayleigh Damp Coeff [-] 0.001
Seabed friction coeff [-] 0.5
Ca [-] (axial) 0.5
Ca [-] (radial) 1
Cd [-] (axial) 0.6389
Cd [-] (radial) 1.33
Hydrodynamic Diameter [m] 0.009
Mooring Lines Properies
 
• Mooring stiffness tests (Table 3): The floating structure with the mooring has been given horizontal displacements in surge and 286 
sway to characterize the static properties of the mooring system 287 
• Decay tests (Table 3): Two subsets of decay tests have been performed, first without the mooring system in the degrees of 288 
freedom with hydrostatic stiffness (heave, pitch and roll) and subsequently with mooring system in the degrees of freedom 289 
without hydrostatic force (surge, sway and yaw). 290 
• Forced oscillatory tests (Table 4): Forced tests have been performed with several periods and amplitudes in surge, heave and 291 
pitch. Its objective has been to cover the most occurrent range and characterize the hydrodynamic radiation forces of the 292 
structure as well as the influence introduced by the attached structure representing the bow landing 293 
• Regular wave tests (Table 5): A set of regular waves has been performed with different periods and one small amplitude to 294 
characterize the response amplitude operator (R.A.O.) of the moored structure 295 
• Irregular wave tests (Table 6): A set of irregular wave tests has been performed in order to verify the moored model motions and 296 
mooring loads as well as to assess the numerical model applicability 297 
   298 
Table 3 Mooring stiffness and decay tests lists 299 
 300 
Table 4 Performed forced oscillatory tests 301 
 302 







Mooring Stiffnes tests Test nº Mooring Degree of freedomNumber of tests
1 no roll 3
2 no pitch 3
3 no heave 3
4 yes surge 3
5 yes sway 3
6 yes heave 3
7 yes roll 3
8 yes pitch 3
9 yes yaw 3
Decay tests
Test nº DOF Amplitude [m] Period [s] Amplitude [m] Period [s]
1 surge / heave / pitch 0.4 16 0.03 4.34
2 surge / heave / pitch 0.6 16 0.04 4.34
3 surge / heave / pitch 0.8 16 0.06 4.34
4 surge / heave / pitch 0.4 14 0.03 3.80
5 surge / heave / pitch 0.6 14 0.04 3.80
6 surge / heave / pitch 0.8 14 0.06 3.80
7 surge / heave / pitch 0.4 12 0.03 3.25
8 surge / heave / pitch 0.6 12 0.04 3.25
9 surge / heave / pitch 0.8 12 0.06 3.25
10 surge / heave / pitch 0.4 10 0.03 2.71
11 surge / heave / pitch 0.6 10 0.04 2.71
12 surge / heave / pitch 0.8 10 0.06 2.71
13 surge / heave / pitch 0.4 8 0.03 2.17
14 surge / heave / pitch 0.6 8 0.04 2.17
15 surge / heave / pitch 0.8 8 0.06 2.17
16 surge / heave / pitch 0.4 6 0.03 1.63
17 surge / heave / pitch 0.6 6 0.04 1.63
18 surge / heave / pitch 0.8 6 0.06 1.63
19 surge / heave / pitch 0.4 4 0.03 1.08
20 surge / heave / pitch 0.6 4 0.04 1.08
21 surge / heave / pitch 0.8 4 0.06 1.08
Forced oscillatory tests
Full Scale 1:13.6 Scale
Test nº H [m] T [s] H [m] T [s]
1 0.8 4.06 0.06 1.10
2 0.8 4.61 0.06 1.25
3 0.8 5.16 0.06 1.40
4 0.8 5.72 0.06 1.55
5 0.8 6.27 0.06 1.70
6 0.8 6.82 0.06 1.85
7 0.8 7.38 0.06 2.00
Full Scale 1:13.6 Scale
Regular Wave tests
 
Table 5 Regular wave tests performed on the floating moored structure 303 
 304 
Table 6 Performed Sea States (JONSWAP) in both the physical and numerical models 305 
4  Results 306 
The code has been validated through both decay tests and irregular wave simulations compared to wave tank tests. Simulations have 307 
been carried out in the time domain with the numerical model here presented based on linear hydrodynamics and non-linear lines 308 
dynamics model, as above introduced. Hydrodynamics of the structure has been performed with a linear wave interaction 309 
commercial code, ANSYS-AQWA [15]. The numerical wave interaction model of the submerged part has been built for the 1:13.6 310 
scaled geometry, in which the cylindrical part of the structure has been modeled, without the attached bow landing shown in Figure 311 
4, and whose radiation and diffraction coefficients are shown in Figure 8:312 
313 
 314 
Figure 8 Hydrodynamic coefficients of the floating buoy HarshLab 2.0 in surge, heave and pitch. Added mass and Radiation damping of surge (top-left), heave (top-right) and pitch (bottom-left). Froude-Krylov 315 
and diffraction forces in surge, heave and pitch (bottom-right) 316 
Test nº Hs [m] Tp [s] Hs [m] Tp [s] gamma
1 1 5.79 0.07 1.57 1.4
2 1 7.72 0.07 2.09 1.5
3 1.36 9.65 0.1 2.62 1.8
4 1.88 6.87 0.14 1.86 1.4
5 1.88 9.15 0.14 2.48 1.5
6 1.88 11.44 0.14 3.1 1.8
7 3 7.79 0.22 2.11 1.4
8 3 10.39 0.22 2.82 1.5
9 3 12.98 0.22 3.52 1.8
10 5.6 9.22 0.41 2.5 1.6
11 4.3 12.29 0.32 3.33 1.9
12 2.04 14 0.15 3.8 1.8
Irregular Wave tests
Full Scale Scale 1:13.6
 
Due to the axisymmetric geometry of the numerical model no heave-pitch interaction is obtained from the linear potential code 317 
results. However, the attached structure for bow landing showed in Figure 4 couples the heave and pitch motions as well as the sway 318 
and yaw. Heave and pitch coupling has been accounted for through the Morison equation whilst the sway and yaw has not been 319 
fitted in this work since they are not significantly excited by the waves here analyzed. 320 
The heave pitch coupling has been calculated from the pitching moment measured in the forced oscillatory tests in heave, introduced 321 
in Table 4. Three sets of forced tests, each of them with an amplitude and covering a relevant period range, have been utilized for 322 
that purpose. The measured moment has been fitted with the two factors of drag and inertia, as defined in (21). 323 
(21) 𝑀5𝑓𝑖𝑡 = 𝑓𝑑−53 · |?̇?3| · ?̇?3 + 𝑓𝑚−53 · ?̈?3 324 
(22) 𝑀5𝑏𝑙 = −𝑓𝑑−53 · |𝑣3 − ?̇?3| · (𝑣3 − ?̇?3) + 𝑓𝑚−53 · (𝑎3 − ?̈?3) 325 




Where the resulting mean fitted factors of the set showed in Figure 9 have been 𝑓𝑑−53=15.25 and 𝑓𝑚−53 = 1.698. xbl represents the 327 
distance from the center of gravity of the attached structure to the center of gravity of the whole structure, equal to 0.485m. 328 
The overall influence of the attached bow landing structure in terms of drag, excitation and inertia effects have been introduced in 329 
the model (Fbl(t) in equation (1)) through the Morison heave force and pitch moment as defined by (23) and (22) respectively. The 330 
viscous damping and hydrostatic stiffness introduced by the bow landing in each degree of freedom, additionally to the cross coupled 331 
already mentioned, has been assumed to have been included in the decay test viscous force fitting and the additional stiffness pointed 332 
out in Table 7, Table 8 and Table 10. 333 
 334 
Figure 9 Heave-pitch cross coupling Morison coefficients 335 
The validation of the code and hydrodynamic characterization has been broken down into four stages and presented in subsequent 336 
sections: 337 
1- Drag coefficient numerical identification with decay tests of heave, pitch and roll without mooring system, specified in 338 






























































Pitch / Heave Coupled Morison Coefficients
rho·V [N·ŝ 2/m]
rho·Cd·A [N·s2/m2]
Potencial (rho·V [N·ŝ 2/m])
Polinómica (rho·Cd·A [N·s2/m2])
 
2- Drag coefficient numerical identification with decay tests of surge, sway and yaw with mooring system, specified in 340 
Table 3 341 
3- Simulation of the whole system imposing obtained motions of the structure in a set of irregular wave tests as defined in 342 
Table 6 343 
4- Simulation of structure and mooring dynamics subject to waves excitation in the set of irregular sea states applied on the 344 
previous stage as defined in Table 6 345 
The non-linear drag term of each degree of freedom ‘j’ in equation (20), is described by the equation (24): 346 
(24) 𝐹𝑑𝑟𝑎𝑔
𝑗 = 𝐶𝑗 · |𝑢 − ?̇?𝑗| · (𝑢 − ?̇?𝑗) 347 
The factor Cj is the corresponding factor identified in the decay tests for each degree of freedom. It has been applied only for 348 
translational degrees of freedom while only the velocity of the degree of freedom has been considered for rotational ones. 349 
Decay tests without mooring system 350 
The corresponding numerical model has been systematically simulated until the mean error compared with respect to the 351 
experimental decay test has been minimised. Even though the hydrostatic stiffness, accounting for the bow landing structure, should 352 
be accurately obtained with the physical model, it has not been available in this work. Therefore an added stiffness value to match 353 
the identified natural frequency has been added to the hydrostatic stiffness (Table 7), which has been assumed to be introduced by 354 
the bow landing. 355 
The decay tests in the wave basin have been analysed to detect its damped natural frequency: 356 
 357 
Table 7 Damped natural frequency identified from the decay tests and percentage of added stiffness in heave, pitch and roll due to the influence of the bow landing, present in the physical model 358 
The drag coefficients and the corresponding error found after the mean quadratic error minimization are summarized in Table 8: 359 
 360 
Table 8 Found drag force coefficients and the corresponding mean error for the three analyzed decay tests 361 
Simulations of the decay tests show good approximations of the identified numerical model. 362 
Dof Nat Freq. (damped) [rad/s] K added [%] Damping Ratio [%]
heave 5,375 4,75 56,85%
roll 4,409 10,08 14,61%
pitch 4,330 6,21 30,12%
Dof C (test 1) C (test 2) C (test 3) C (mean) error (test 1) error (test 2) error (test 3)
heave 626,68 795,47 1145,40 855,85 1,98E-07 2,50E-07 2,33E-07
roll 11,59 6,81 11,56 9,99 6,97E-06 5,95E-06 4,37E-06





Figure 10 Decay test simulations after drag force coefficient computation in heave (top), roll (middle) and pitch (bottom) 366 
It shows some differences in the tests after a significant decay of the motion probably due to changes in the viscous coefficient with 367 
significant differences of the Reynolds number. 368 
Decay tests with mooring system 369 
As carried out in the other degrees of freedom, sets of three decay tests have been analyzed to compute the corresponding drag force 370 
coefficients. In this case the mooring system is included whose lines have been modeled with 30 elements. 371 
The mooring system static performance has been initially validated compared with the corresponding properties obtained in the 372 
wave tank. Mooring total forces in surge and heave with horizontal (positive x – surge) positions of the floating structure have been 373 
compared between the numerical and the physical models (Table 3) showing, in Figure 11, good agreement between both models. 374 
The static numerical model has been based on analytical catenary calculations [25] which also provides with initial conditions to 375 
the dynamic code here presented.  376 
 
 377 
Figure 11 Static response of the mooring system to horizontal positions of the floating structure 378 
Unlike in heave, roll and pitch no stiffness has been added to surge, sway and yaw since it is completely provided by the mooring 379 
system. Its identified natural frequencies are listed in Table 9: 380 
 381 
Table 9 Damped natural frequencies identified in the decay tests in surge, sway and yaw 382 
After mooring system static validation same subroutine has been used to compute drag force coefficients in surge sway and yaw as 383 
that applied for heave, roll and pitch. The corresponding values for the three decay tests as well as its errors are summarized in Table 384 
10: 385 
 386 
Table 10 Found drag coefficients and the corresponding errors for each degree of freedom and decay test 387 
Decay tests accounting for identified drag force coefficient included in the model are shown in Figure 12 and the corresponding line 388 








Dof C (test 1) C (test 2) C (test 3) C (mean) error (test 1) error (test 2) error (test 3)
surge 75,23 83,16 64,91 74,43 1,56E-05 1,82E-05 2,39E-05
sway 77,89 71,00 61,20 70,03 7,63E-05 1,11E-04 1,01E-04





Figure 12 Decay test simulations after drag force coefficient computation in surge (top), sway (middle) and yaw (bottom 396 
Floater dynamics have been found to be good compared to the experimental test cases. Natural frequencies are quite well identified, 397 
even though some differences are observed after four cycles in surge with a phase slightly lagged and after two cycles in sway with 398 
a little phase leading. Yaw decay is strongly non-linear since its stiffness is provided by fairleads rotation, effect which is 399 
appropriately caught representing well the interaction between line transverse dynamics and yaw of the structure. However, the 400 
influence of the inertia of some transverse mode of lines motions overestimated as shown at around second 4 in Figure 12 (bottom). 401 
Line tensions in surge are slightly overestimated, especially for line 3, which may be influenced by the seabed interaction. The phase 402 










Figure 14 Line tension comparison between experimental and numerical models for decay tests in sway for the three lines 411 
Results of the decays in sway show good agreement in lines 1 and 2 while line 3, since is most influenced by seabed friction, 412 
represent poorer performance. It is due to the very low tension induced by the fairlead transverse motion with a large influence of 413 
the seabed vertical force and horizontal friction. Same conclusions can be drawn for line tensions obtained with yaw decay tests, in 414 
Figure 15 for line 1, that shows the same performance as the other two lines. In this case a large period variation of the line tension 415 
is reproduced in the tests. It is likely due to a transverse mode of motion excitation not caught well or overdamped in the numerical 416 
model. It can therefore be expected poorer tension performance of lines exposed to significant fairlead transverse motions. 417 
 418 
Figure 15 Line tension comparison between experimental and numerical models for decay tests in yaw for the three lines 419 
All simulated cases have transitory line tensions due to the initial conditions, which have been set based on static catenary equations 420 
[19], [25]. Adjustments in section lengths make these initial line tensions to happen. 421 
The heave and pitch coupling effects can be appreciated in the heave decay test with mooring and all the fitted drag coefficients 422 
included in the numerical model, as represented in Figure 16. 423 
 424 
Figure 16 Heave decay test with mooring and the induced pitch motion. Solid lines: Experimental; Dashed lines: Numerical 425 
It can be appreciated that the pitch motion with the mooring system included, after the decay of the heaving motion, is slightly 426 
underdamped and phase lagging. The fact of being underdamped also indicates that the excitation moment may also be 427 
underestimated as both effects come from the fitting introduced in Figure 9. 428 
Imposed motions subject to irregular waves 429 
Irregular wave experimental tests have been carried out for 12 irregular sea states, specified in Table 6. 430 
 
In order to get the accuracy of the isolated mooring numerical model the experimental test motions have been imposed to the 431 
structure in the numerical model. These results set a basis to assess to what extent the error in line tensions is influenced by the 432 
mooring model and the hydrodynamic model. 433 
Simulations show in general good agreement, obtaining even better accuracy compared with the decay test line tensions. 434 
 435 
Figure 17 Obtained experimental model motion (Exp) and filtered imposed numerical motions (Num) in the Sea State 2 436 
Even though the most excited motions (surge, heave and pitch) seem smooth enough to be directly imposed to the structure all 437 
signals have a significant noise from measuring sensors. That noise is amplified when derived to be applied to the numerical model 438 
which may be translated in artificial tension vibrations. To avoid that, a cut-off frequency of 30rad/s has been introduced to obtain 439 




Figure 18 Line tensions obtained in the numerical simulations with imposed motions (dashed line) compared with the experimental tests in the Sea State 1 (solid line) 444 
 
Both mean and dynamic tensions in Figure 18 show a very good agreement with the experimental line tensions. All sea states have 445 
been simulated in order to assess the error in the simulation, as represented in Figure 19 and Figure 20  for maximum line tensions 446 





   
 449 
Figure 19 Maximum line tension comparisons (top) and maximum tension error percentages (bottom) 450 
   
   
Figure 20 Standard deviations of line tension comparisons (top) and tension error percentages (bottom) 451 
It can be observed that all errors for line 3 are well below 5% and 10% for maximum and standard deviations. However, lines 1 and 452 
2 show larger errors very likely due to its transverse motions and more significant seabed interactions.  453 
 
It is observed in Figure 20 that line 1 tension shows in general overpredicted standard deviations while line 2 underpredicts it under 454 
low energy sea states. This difference is well observed in sea state 6 with significant overprediction of line 1 and underprediction 455 
of line 2 of the numerical model. 456 
 457 
Figure 21 Lines 1 and 2 tensions from experimental and numerical tests 458 
In Figure 21 slight differences are shown in the experimental line tensions, whilst the numerical model catches only partially such 459 
differences. 460 
Even though the imposed transverse motions are well filtered the physical model seems to be much more sensitive to transverse 461 
motions of the structure, in terms of line tensions, compared to the numerical model. It is the main source of standard deviation 462 
difference between lines 1 and 2 compared to the physical model. 463 
Structure and mooring dynamics subject to irregular waves 464 
The last stage of the model validation consisted in fully non-linear simulation of dynamic moorings coupled with linear 465 
hydrodynamics as represented by equation (20). It represents a non-linear mooring system with non-linear anchor and fairlead 466 
relations with a linear hydrodynamic formulation. 467 
In this case waves incoming from the positive ‘x’ axis, centered between lines 1 and 2 acting as windward lines and having line 3 468 
as a leeward line, see Figure 7. 469 
The wave elevation at the wave gauge has been based on SB measurements, as indicated in Figure 5, and corrected with the 470 
perpendicular distance to the structure, with the dispersion relation for deep waters, in the numerical model in order to carry out the 471 
simulations. 472 
It should be considered that a regular wave amplitude of 5m in full scale corresponds to a Keulegan Carpenter (KC) number of 3. It 473 
means that the linear wave theory is applicable to almost all waves composing all sea states except some frequency components of 474 
sea states 7 to 11 where some disagreements may be due to slightly larger KC numbers. 475 










Figure 23 Lines tensions obtained in the hydrodynamics and mooring coupled simulations subject to sea state 1 485 
 
After carrying out numerical simulations for the 12 sea states considered in this work a summary of results can be found in Figure 486 
24, Figure 25 and Figure 26.487 
 488 
   
   
Figure 24 Structure motion standard deviations comparisons (top) and the corresponding error percentages (bottom). Degrees of freedom 1 (surge), 3 (heave) and 5 (pitch) 489 
Structure motions are in general underpredicted. Whilst heave is very well reproduced with mean errors around 10% in standard 490 
deviation, surge and pitch motions show slightly larger errors. In the case of surge the errors may be mainly due to inaccuracies in 491 
mean and slowly varying drift force estimations, and especially sensitive to more energetic sea states, which is observed in Figure 492 
23 (top). Pitch motion is the most underestimated motion with mean standard deviation errors of around 30%. It may probably be 493 
due to the changing submerged geometry with small pitch angles as pointed out by [6]. These errors may be improved implementing 494 
a non-linear hydrostatic stiffness force and/or excitation forces, as suggested in [20] and [26] respectively. 495 
   
 
   
Figure 25 Maximum line tension comparisons (top) and error percentages (bottom) for hydrodynamics and mooring coupled simulations 496 
   
   
Figure 26 Standard deviations of line tensions (top) and their error percentage (bottom) for hydrodynamics and mooring coupled simulations 497 
Simulations of linear hydro-lumped mass model still provide maximum line tensions with relative errors below 10% for lines 1 and 498 
2, and below 5% for line 3. However, maximum line tensions are now underpredicted instead of being overpredicted as observed in 499 
the imposed motions simulations. Regarding standard deviations, the relative errors in line tensions are increased in absolute terms 500 
and in general underpredicted as a consequence of underpredicting in general body dynamics, specially pitching motions. In the 501 
case of lines 1 and 2 the underprediction appears to be less influenced in more energetic sea states. It is probably due to being 502 
balanced by the overprediction of the lumped mass model with imposed motions in those sea states. From a design perspective the 503 
most energetic sea states, such as 7 to 11 as specified in Table 6, are the most interesting for ultimate limit states. Even though these 504 
sea states show larger uncertainty in the presented results, the maximum line tensions show deviations of up to 10%, which are 505 
within the limits covered by the safety factors recommended by design standards. Additionally, the hydrodynamics of the structure 506 
may be completely defined by Morison coefficients fitted with tank tests for extreme conditions in order to improve the accuracy 507 
of the numerical model. 508 
 
Discussion 509 
Validation results have been broken down into four stages in order to identify sources of differences at each stage. Decay tests 510 
without mooring system show very good accuracy even with the influence of the bow landing. However, in order to have a good 511 
match of natural frequencies, a hydrostatic stiffness has been added which, in the physical model is supposed to having been 512 
introduced by the bow landing itself. In the moored decays some differences have been found both in phase and amplitude after 4 513 
cycles in surge and 2 cycles in sway. That difference can be attributed to a mismatch of the added mass at infinite frequency with 514 
the physical model. Yaw decay is generally well caught, which is dominated by the mooring response. These disagreements in sway 515 
and yaw can be attributed to the coupling between yaw and sway, introduced by the bow landing in the physical model and not 516 
considered in the numerical model. The drag force coefficient identification seems to be feasible in all degrees of freedom as there 517 
is no large dispersion between tests of the same degree of freedom. It has also been shown that the transverse motion of the fairlead, 518 
as for line 3 in the sway decay and all lines in the yaw decay, leads to very high uncertainty in line tension estimation, possibly due 519 
to the seabed friction model. 520 
Prescribed motions simulation has been carried out to set reference comparison of the mooring line tensions with the corresponding 521 
experimental results. Very good agreement has been found in terms of maximum line tension and good in terms of standard 522 
deviation. However, slightly larger differences have been obtained in windward lines probably due to having some transverse motion 523 
of the fairlead, which, as observed in the decay tests, can be attributed to the seabed friction model. Low sensitivity to sway, roll 524 
and yaw, compared to the physical model is observed as windward lines show larger tension differences in the physical model than 525 
in the numerical one. 526 
Hydro-lumped mass simulations show very good agreement in heave whilst moderate in surge and pitch due to errors in slowly 527 
varying drift and non-linear stiffness/Froude-Krylov forces respectively. The underprediction is directly translated into line tensions, 528 
which in most energetic sea states may be balanced by the overprediction of the imposed motions simulations. Obtained line tension 529 
errors with respect to the experimental tank tests are aligned with the suggested safety factors, generally around 1.5 only for dynamic 530 
tension, which is conservative compared with the results here presented.  531 
5  Conclusions 532 
In this paper a non-linear dynamic lumped mass numerical model has been presented to assess mooring lines performance along 533 
with floating body dynamics based on linear potential theory with identified viscous drag terms. Both are related by kinematic 534 
relations, reduced to a set of stiffness, damping and mass matrices which are solved together considered as a single mechanical 535 
multi-degree of freedom system. The time resolution is carried out by means of the Newmark method since the resulting numerical 536 
model is a stiff system.  537 
The validation and fitting of the numerical model has been done based on the HarshLab 2.0 tank tests of a 1:13,6 scaled physical 538 
model, which is a CALM buoy with an attached bow landing. The structure is moored with three chain catenary lines. 539 
 
The validation procedure has been broken down into four stages, decay tests without and with mooring system, imposed motions 540 
and the floater wave interaction model coupled to the lumped mass model simulations.  541 
The influence of the bow landing has been modelled introducing an added numerical stiffness in heave, roll and pitch. Due to its 542 
position a heave-pitch and sway-yaw coupling is also introduced in the physical model. The former has been modelled from forced 543 
oscillation tests whilst the latter has not been modelled since it has been supposed not to be relevant for the present work. 544 
Additionally, its viscous drag is supposed to be included in the identified drag coefficient for each degree of freedom. 545 
Prescribed motion simulations show disagreements in maximum line tension of up to 20% in the windward lines, the leeward line, 546 
aligned with wave direction, shows differences of up to 5%. Windward lines’ differences, having a partially transverse motion, may 547 
be attributed to the seabed friction model. However, to get a convincing conclusion that the discrepancy is due to the friction model, 548 
a further study in the influence of friction models should be conducted. Standard deviations show a larger sensitivity of the physical 549 
model to very small transverse oscillations of the structure (i.e. sway, roll and yaw) compared with the numerical model. It shows 550 
differences of up to 20% in standard deviations between both leeward lines, which are initially expected to be insignificant. Slight 551 
overprediction of lines tensions is observed in most energetic sea states for all lines, affecting especially to lines 1 and 2 and having 552 
almost an insignificant impact on line 3. 553 
Hydro-lumped mass model simulations catches well the device performance in general. However, structure motions are 554 
underpredicted. While heaving motions show reduced errors, largest uncertainties come from surge and pitch motions. Surge 555 
motions seem to be underestimating slowly varying drift forces. Pitch motions underestimation is the most critical source of 556 
uncertainty, very likely due to non-linear hydrostatic stiffness and Froude-Krylov forces. The underprediction is translated to line 557 
tensions which may be slightly balanced by the overprediction of the imposed motions subject to energetic sea states. Even though 558 
the disagreements in structure dynamics, the leeward line, aligned with the wave propagation direction, almost keeps its accuracy 559 
with respect to the prescribed motion simulations, with maximum line tension difference lower than 5%. 560 
The coupled model appears to be a feasible way of modelling both dynamic systems coupled into a single one. Even though the 561 
resulting system is stiff and requires a small time-step, the simulation does not require two solvers to be solving in parallel. 562 
Results show very good agreement in general for imposed motions simulations and accurate enough in the coupled simulations, 563 
compared with suggested safety factors in offshore standards in terms of line tensions [27]. 564 
Non-linear assessment of hydrostatics and excitation forces along with a deeper analysis of the bow landing and seabed properties 565 
influence should lead to improvements on the coupled results. 566 
Authors are currently working on a linearized coupled system to account for line dynamics in the frequency domain. Such models 567 
may be useful for efficient fatigue assessment of mooring lines. 568 
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